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ABSTRACT
The present study was carried out to optimize the physical and nutritional parameters for
cultivation of Trichoderma harzianum Rifai for production of extracellular b-glucosidase, an
alternative to chemcial fungicides to control Macrophomina phaseolina, which causes charcoal rot
disease in crops. Response surface methodology by the Box–Behnken design (BBD) based on four
factors (temperature, carbon sources, inoculum size and pH) was used for optimization of the
cultivation conditions to produce b-glucosidase using agro-industrial banana wastes. The highest
b-glucosidase activity (1483.27 U/mL) was attained under optimized cultivation conditions: »36 C
and pH 7.3, using carbon source and inoculum size of 10% (w/v) and 5% (w/v), respectively. It is
noteworthy that the low deviation values (0.09¡0.44%) in the veriﬁcation experiments (R1, R2 and
R3) inferred the generated model was accurate to predict optimal cultivation conditions of T.
harzianum Rifai. Likewise, the obtained diameters of inhibition zones ranging from
58.00¡38.66 mm following treatment with b-glucosidase was found comparable to other in vitro
tests using pure T. harzianum isolates and chemical fungicides. Hence, the ﬁndings indicated that it
was feasible to use b-glucosidase as a greener alternative to chemical fungicides for control of M.







Macrophomina phaseolina (Tassi) Goid is a ubiquitous
fungal phytopathogen that causes charcoal rot in more
than 500 plant species belonging to over 100 families of
monocots and dicots, affecting plant hosts viz. cereals,
legumes, oilseed plants as well as some vegetables and
fruits [1]. To eradicate this debilitating plant disease,
many farmers have resorted to using chemical fungi-
cides but the technique poses other problems, e.g. toxic-
ity to living beings and the environment as well as
economic infeasibility especially for low-income small-
scale farmers. Although the use of chemical fungicides
may be effective as a preventive measure [2], the soil-
borne nature ofM. phaseolina [3] renders the effort futile.
Aside to being expensive, the continuous utilization of
chemical fungicides could interfere with the delicate bal-
ance of beneﬁcial soil microbes [4], hence giving rise to
new fungicide resistant strains [5].
The antagonistic efﬁcacy of Trichoderma harzianum
against M. phaseolina used for combating M. phaseolina
infections has been widely described [3,5]. T. harzianum
is one of several antagonistic fungal species found
effective against this phytopathogen [5,6], some of
which enhance the systemic resistance and improve
overall plant growth [7]. Apart from the well-known bio-
control mechanisms, viz. nutrient competition and anti-
biotic production [8], T. harzianum also produces hyphae
that penetrate into M. phaseolina and subsequently
secrete an enzyme called b-glucosidase that digests the
cell wall and kills the host [9].
Interestingly, the direct use of b-glucosidase for agri-
cultural pest management to control M. phaseolina infes-
tation has never been considered and remains
unreported. It is known that the b-glucosidase secreted
by Trichoderma spp. is evolutionarily adapted to speciﬁ-
cally hydrolyze the cell wall components of M. phaseolina.
This b-speciﬁc glucosidase enzyme targets and explicitly
hydrolyzes the b-linkage of amorphic b-1,3-glucan ﬁlling
material of the chitin-based cell wall of M. phaseolina [10].
By such virtue, it was hypothesized that direct application
of the extracellular b-glucosidase to inhibit the growth of
this phytopathogen could be likely feasible. Considering
the extraordinary adaptability of M. phaseolina and the
need to alleviate the dependency of the agricultural
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sector on harmful chemical fungicides, evaluation of the
efﬁcacy of extracellular b-glucosidase to control the
growth of the phytopathogen via such approach deserves
scientiﬁc and agricultural consideration. Moreover, the
method suggested here may present a more expedient
pest management alternative as well as may minimize
the undesirable impacts on the environment associated
with such practices.
The strategy proposed here that could improve the
process production of b-glucosidase is the use of agro-
industrial wastes, which decreases the initial costs of raw
materials [11]. To date, a number of agro-industrial
wastes explored as substrate in laboratory-scale culture
media include whey [12], molasses [13], rice straw [14]
and okara with sugarcane bagasse [15]. Another crucial
aspect is the optimization of the fungal cultivation media
to produce b-glucosidase. This is because the conven-
tional approach of optimization processes is laborious
due to screening processes that involve a large number
of variables [16,17]. Moreover, the approach is incapable
of detecting the true optimum [18] following its one-fac-
tor-at-a-time design, which is unable to explicitly illus-
trate the complete interactive effects of various factors
on the response [19]. Hence, response surface methodol-
ogy (RSM) is one of the most efﬁcient optimization strat-
egies to mathematically and statistically optimize and
identify the optimum operating conditions for the sys-
tem [11]. In fact, it has been proved beneﬁcial and suc-
cessful in optimizing the cultivation conditions of fungal
cultures [20–22].
This work was aimed at development and optimiza-
tion of an economical medium for b-glucosidase produc-
tion in batch cultures of T. harzianum Rifai based on an
agro-industrial substrate, i.e. banana wastes. The optimi-
zation process uses a 3-level-4-factor Box–Behnken
design (BBD) to evaluate four factors that comprise tem-
perature, carbon sources, inoculum size and pH to pro-
vide for the highest b-glucosidase activity. Additionally,
veriﬁcation experiments using plate inhibition assays to
conﬁrm the efﬁcacy of the produced b-glucosidase to
inhibit the growth of M. phaseolina are also presented.
Materials and methods
Collection of T. harzianum T12 and growth
conditions of fungal cultures
The colonies of T. harzianum (T12) fungal antagonists
were isolated from agricultural soil samples collected
from the Mazandaran province, Iran. The antagonistic
efﬁcacy of the T12 isolate utilized in this study was
reported in our previous work [5]. Following the method
described in [23], the pure culture of T. harzianum T12
was grown as detailed below. Potato dextrose agar
(PDA; Oxoid Ltd, Basingstoke, England) slants were incu-
bated in darkness at 30 8C for 5 days and subsequently
stored at 4 8C prior to use. For culture growth, a 5-day
old culture of T12 grown in a sterile potato dextrose
broth (PDB; Oxoid Ltd, England) was inoculated into an
Erlenmeyer ﬂask containing 30 mL of sterile PDB as a car-
bon source. The mixture was incubated at 30 8C § 1 8C
for 5 days under stationary conditions for development
of the fungal spore suspension [23].
Sporulation medium and inoculum development
Sporulation medium (composition (w/v): Trisodium cit-
rate, 0.5%; KH2PO4, 0.5%; NH4NO3, 0.2%; (NH4)2 SO4,
0.4%; MgSO4, 0.02%; peptone, 0.1%; yeast extract, 0.2%;
ﬂucose, 2%; agar, 2.5%) was prepared and its pH was
adjusted to 5.5 prior to autoclaving for 15 min at 121 8C.
Fungal culture was transferred to sporulation slants
under sterile conditions and incubated for 48 h at 35 8C
for sporulation and subsequently stored at 4 8C. The
inoculum medium (100 mL) was prepared according to
the following composition (w/v): trisodium citrate, 0.5%;
KH2PO4, 0.5%; NH4NO3, 0.2%; (NH4)2 SO4, 0.4%; MgSO4,
0.02%; peptone, 0.1%; yeast extract, 0.2%; glucose, 2%;
in 500 mL Erlenmeyer ﬂasks containing glass beads for
uniform growth. The inoculum medium was adjusted to
pH 5.5 prior to autoclaving for 15 min at 1218C. A loopful
of T. harzianum T12 culture from the sporulation
medium was transferred aseptically into the ﬂask and
incubated on an orbital shaker (120 r/min) for 24 h at
30 8C [24].
Production and extraction of b-glucosidase
In this study, banana waste was used to stimulate pro-
duction of b-glucosidase in the broth cultures of T. har-
zianum Rifai. Banana waste of approximately 10 g was
mixed with 2% HCl at room temperature in an Erlen-
meyer ﬂask for 2 h, autoclaved (15 min at a pressure of
15 psi and 1218C) and the resultant slurry was ﬁltered
through a Whatman No. 1 ﬁlter paper (Whatman® Grade
1 Qualitative Filtration Paper, Sigma plot) and used as
the fungal growth medium. Next, nutrient salt
(NH4)2SO4, 3.0 g/L; FeSO4¢7H2O, 0.005 g/L; KH2PO4,
1.0 g/L; MnSO4¢H2O, 0.0016 g/L; MgSO4¢7H2O, 0.5 g/L;
ZnSO4¢7H2O, 0.0017 g/L; CaCl2, 0.1 g/L; CoCl2, 0.002 g/L
and NaCl, 0.1 g/L, was used to moisten the banana waste
(10 g) prior to inoculation with the freshly prepared T.
harzianum T12 spore suspension (5 mL, 5%, w/v) and
incubated at 30 8C for 24 h [25]. For the b-glucosidase
extraction process, sodium citrate buffer (0.05 mol/L, pH
4.8) in a 1:10 ratio was added into the culture medium
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and the ﬂask was shaken at 120 r/min for 30 min before
ﬁltering through a Muslin cloth. The ﬁltrate was centri-
fuged for 10 min (10,000 g) and the supernatant was
tested for b-glucosidase activity [26].
Experimental design and optimization by RSM using
BBD and statistical analysis
RSM was conducted using the software Design Expert
Version 7.1.2 (State Ease, Statistical Made Easy, MN, USA).
It was used to ﬁt the second-order model to the inde-
pendent variables using the following equation:














Where Y (b-glucosidase activity (U/mL)) is the predicted
response; i and j are the linear and quadratic coefﬁcients,
respectively; Xi and Xj are the uncoded independent vari-
ables; k is the number of studied factors optimized in the
experiment; b0 is a constant coefﬁcient; bj , bjj and bij are
the interaction coefﬁcients of linear, quadratic and sec-
ond-order terms, respectively; and e is the error.
The Box–Behnken experimental design employed in
this study required a total of 29 reactions to study the
response pattern and to determine the optimum combi-
nation of variables. The interaction of parameters such
as, A (reaction temperature), B (carbon sources), C (inocu-
lum size) and D (pH) at three levels in the reaction pro-
cess were evaluated and the percentage conversion of
b-glucosidase was the response of the experimental
design. The independent variables and their levels,
actual values as well as coded values are presented in
Table 1. The model equation was used to estimate the
optimum value and subsequently to describe the inter-
action between the factors.
Statistical analysis of variance (ANOVA) was used to
assess the adequacy of the generated model to describe
the data and to express the quality of the ﬁt of the poly-
nomial model. The signiﬁcance of the model was consid-
ered to be represented by a p-value of less than 0.05.
The analysis included the coefﬁcient of determination,
R2, which evaluated the ﬁtness of the model. Three-
dimensional surface and contour plots were generated
to assess the major and interactive effects between the
dependent and independent factors. Consequently, the
optimum combination of parameters was established
using the optimization function of the software, based
on the ridge maximum and canonical analyses.
Determination of b-glucosidase activity and protein
content
The b-glucosidase activity was examined using p-nitro-
phenyl-b-D-glucopyranoside (pNPG, SigmaPlot) as a sub-
strate in a microtiter plate as described in [27] with some
modiﬁcations. A 100-mL reaction mixture (25 mL of
enzyme, 25 mL of pNPG (10 mmol/L) and 50 mL of phos-
phate buffer (pH 7.0)) was incubated at 45 8C for 30 min
and the reaction was terminated by adding 100 mL of
NaOH-glycine buffer (0.4 mol/L, pH 10.8). The colour
developed due to liberation of p-nitrophenol (pNP) was
read at 412 nm in an ELISA Reader (MULTISKANTM; Lab-
systems, Waltham, Massachusetts, USA) absorbance
spectrometer. The concentration of liberated pNP was
calculated by comparing the reading corrected for
blanks against a pNP standard calibration curve. One
unit (U) of b-glucosidase activity was deﬁned as the
amount of enzyme needed to liberate 1 mmol/L of pNP
per minute under standard assay conditions. The experi-
ments were repeated three times from independently
grown cultures.
Results and discussion
Fitting of the response models
The optimization of process parameters can be quite
complex; hence the use of RSM for identifying optimum
levels of selected variables is often considered useful
[28] for enabling estimation of the optimum levels of
process parameters [24]. Our preliminary experiments
showed that the factors that most inﬂuenced the pro-
duction of b-galactosidase by T. harzianum were reaction
temperature, carbon source, inoculum size and pH (data
not shown). In this perspective, a BBD experiment using
levels of factors previously determined by screening
experiments to maximize the production and activity of
the fungal b-galactosidase was employed. The selected
model, which consisted of three levels (‒1, 0, +1), was
evaluated using various statistical analysis parameters,
viz. P-value, F-value, adjusted determination of coefﬁ-
cient (R2adj), which measures the signal-to-noise ratio,
and the coefﬁcient of determination (R2) to assess the
goodness-of-ﬁt of the developed quadratic mathemati-
cal model to the experimental data.
Table 1. Actual and coded independent variables in the BBD for
the optimization of b-glucosidase activity in batch cultures of T.
harzianum.
Coded levels
Variables Units Symbols ¡1 0 C1
Temperature (8C) A 30 35 40
Carbon source (%, w/v) B 5 10 15
Inoculum size (%, w/v) C 2 5 8
pH D 5 7 9
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Fitting of the data to various models (linear, two-fac-
torial, quadratic and cubic) and subsequent ANOVA
revealed that the b-glucosidase activity was satisfactorily
described with a quadratic polynomial model. The qual-
ity of ﬁtting to the second-order polynomial models to
justify its robustness was conﬁrmed by the attained high
values for the coefﬁcient of determination obtained for
b-glucosidase activity (R2 = 0.9491) (Table 2). A high R2
values signiﬁes an excellent correlation [29], speciﬁcally
a value of R2 > 0.9 [30]. Likewise, the values of adjusted
coefﬁcients of determination for enzyme activity (R2adj =
0.8983) also closely agreed with the obtained R2. The sig-
nal-to-noise ratio, (Adequate precision = 13) representing
the precision of the model was desirable and could accu-
rately predict the variation. A high value of adequate
precision is preferred, as it indicates the reliability and
precision of the experimental responses. Comparison
between the actual and predicted values obtained in
this study revealed that the values were in close agree-
ment, as many of the experimental data points were
closely scattered near the trend line (Figure 1).
Inﬂuence of experimental factors on b-glucosidase
activity
The regression quadratic polynomial model for enzyme
activity and the terms for coded factors are presented in
Table 3. It can be seen that the factors A, B, C, D (inde-
pendent) as well as AC, BC and BD (interaction) had pre-
ceding positive signs, whereas AB, AD (interaction) as
well as A2 , B2, C2 and D2 (quadratic) were negative. The
positive and negative signs preceding the terms indi-
cated that these terms affected, respectively, synergisti-
cally or antagonistically the activity of b-glucosidase
produced by T. harzianum. The response factor obtained
in this study was the measured values in the experimen-
tal results. Pertinently, the data from the experimental
results were used for generating coefﬁcients for the qua-
dratic polynomial equations and subsequently, for pre-
dicting the enzyme activity in the batch cultures of T.
harzianum grown in banana wastes (Table 3). The actual
and predicted enzyme activity in coded and actual terms
obtained from the experimental and regression model
are presented in Table 3.
Table 2. Polynomial equation for the estimated coded and processed factors for b-glucosidase activity used in BBD.
Responses Quadratic polynomial model equations R2 R2 adj. Adequate precision
Enzyme activity (U/mL) 1182.62 C 155.64A C 91.40B C 158.19C C 116.69D ¡ 54.58AB
C 208.94AC ¡ 161.43AD C 30.61BC C 142.75BD¡ 101.68CD
¡ 232.32A2 ¡ 507.93B2 ¡ 387.54C2 ¡ 419.90D2
0.9491 0.8983 13
Note: A, temperature; B, carbon source; C, inoculum size; D, pH.
Figure 1. Comparison between the predicted and actual values
obtained for the activity of b-glucosidase obtained from the
growth culture of T. harzianum.
Table 3. Compositions of the various runs of BBD in coded and
actual terms for the obtained actual and predicted responses for



















1 0(35) 0(10) 0(5) 0(7) 1188 1186
2 0(35) ¡1(5) 0(5) ¡1(5) 68 69
3 ¡1(30) 0(10) +1(8) 0(7) 258 256
4 0(35) 0(10) 0(5) 0(7) 1110 1113
5 0(35) ¡1(5) 0(5) +1(9) 57 60
6 0(35) 0(10) ¡1(2) +1(9) 423 435
7 0(35) 0(10) 0(5) 0(7) 1220 1218
8 +1(40) 0(10) ¡1(2) 0(7) 306 308
9 0(35) 0(10) +1(8) ¡1(5) 616 618
10 0(35) ¡1(5) ¡1(2) 0(7) 52 53
11 0(35) ¡1(5) ¡1(2) 0(7) 80 84
12 0(35) 0(10) 0(5) 0(7) 1260 1262
13 0(35) +1(15) 0(5) +1(9) 611 609
14 0(35) 0(10) +1(8) +1(9) 612 616
15 ¡1(30) ¡1(5) 0(5) 0(7) 30 33
16 ¡1(30) 0(10) 0(5) ¡1(5) 62 66
17 0(35) +1(15) 0(5) ¡1(5) 50 52
18 0(35) ¡1(5) +1(8) 0(7) 461 459
19 +1(40) ¡1(5) 0(5) 0(7) 750 754
20 +1(40) 0(10) 0(5) ¡1(5) 801 730
21 +1(40) 0(10) +1(8) 0(7) 810 809
22 0(35) 0(10) ¡1(2) ¡1(5) 21 24
23 0(35) 0(10) 0(5) 0(7) 1134 1130
24 +1(40) +1(15) 0(5) 0(7) 632 634
25 ¡1(30) 0(10) 0(5) +1(9) 611 612
26 +1(40) 0(10) 0(5) +1(9) 704 700
27 ¡1(30) 0(10) ¡1(2) 0(7) 617 619
28 ¡1(30) +1(15) 0(5) 0(7) 530 532
29 0(35) +1(15) +1(8) 0(7) 612 615
924 E. KHALILI ET AL.
ANOVA was used for evaluation of the statistical sig-
niﬁcance of the model as well as for individual model
terms, whereby the inﬂuence of four independent fac-
tors on the enzyme activity was described through the
signiﬁcant coefﬁcient ( p < 0.05) of the second-order
polynomial regression equation. In all cases, a large F-
value and a small P-value would imply a signiﬁcant effect
of the respective response factors. According to the
ANOVA of factors, the model was decidedly signiﬁcant
due to its high F value (18.66) and very small p-value ( p
< 0.0001) (Table 4). The F-value of the model (18.66) was
found higher than the tabular F0.05 (14,14) = 2.48, indicat-
ing that the model was signiﬁcant at the 5% conﬁdence
level. The lack of ﬁt (F-value of 5.53) was lower than the
tabulated F0.05(10,4) = 5.964, which implied that the lack
of ﬁt was insigniﬁcant in relevance to the pure error. The
linear, quadratic and interaction terms were found signif-
icant (P < 0.05) in describing the production of highly
active b-glucosidase, except for the interactions of car-
bon sources and inoculum size, BC, as well as inoculum
size and pH (P > 0.05) (Table 5).
The linear term of temperature, A, and quadratic
terms A2 and B2 were highly signiﬁcant (P < 0.001) in
inﬂuencing the b-glucosidase activity in the T. harzianum
batch cultures. Although the interaction between tem-
perature and carbon source was signiﬁcant (P = 0.0279),
the linear effect of temperature (F = 18.30) was more sig-
niﬁcant than the proportion of carbon source (F = 6.31)
(Table 5). The interaction between incubation tempera-
ture and amount of carbon source used in the culture
was found to be antagonistic (¡54.58AB) (Table 2);
hence, increasing both factors simultaneously may not
improve the b-glucosidase activity. Likewise, the term
that represented the interactions between the carbon
source and pH of the culture medium, BD, as well as the
corresponding linear terms were also shown to have a
signiﬁcant effect (P = 0.0399). Their quadratic terms were
found highly signiﬁcant (Table 5) and a preceding posi-
tive term (+142.75BD) signiﬁed their interaction would
synergistically improve the b-glucosidase activity in the
batch cultures of T. harzianum.
Evaluation of the interactive effects of temperature
and inoculum size, AC, on b-glucosidase activity revealed
that the term was highly signiﬁcant (P = 0.0051). By con-
sidering the coefﬁcient values obtained for the corre-
sponding linear, interactive and quadratic terms, both
the linear terms (temperature and inoculum size) were
found to most signiﬁcantly inﬂuence the activity of
b-glucosidase (F > 18.0). Correspondingly, the interac-
tion and quadratic terms of both factors were also highly
signiﬁcant (P < 0.001) (Table 5). With a positive interac-
tion term (+208.94AC) (Table 2), increasing both factors
could beneﬁcially maximize the b-glucosidase activity.
Consequently, the interactive effects for the factors
temperature and pH, AD (P = 0.0226), as well as the linear
term for pH were also signiﬁcant, whereas the quadratic
terms, A2 (P = 0.0003) and B2 (P < 0.0001) were found
highly signiﬁcant (Table 5). However, the preceding neg-
ative sign in the model equation (¡161.43AD) (Table 2)
indicated that their interactions for attaining high b-glu-
cosidase activity were inversely correlated. On the con-
trary, the interactive factors for carbon sources and
inoculum size, BC, as well as for inoculum size and pH,
CD, were found non-signiﬁcant and, hence, will not be
further discussed in this report. Both contour and surface
plots were used to illustrate the interactions between
the tested variables and the resulting responses
between factors, for better comprehension and depic-
tion of the interactive effects.
Effect of temperature and carbon source
Previous studies have described that culture conditions
such as temperature and the amount of carbon source
used in the cultivation media could exert signiﬁcant
inﬂuence on b-glucosidase activity [31,32]. For











Model 4151.05 14 296.05 18.66 <0.0001**
Residual 222.40 14 158.80
Lack of ﬁt 207.26 10 20.32 5.53 0.0568
Pure error 14 999.93 4 374.98
Corr. total 4373.05 28
** Indicates that the effect is highly signiﬁcant (p < 0.01); no asterisk indi-
cates that the effect is non-signiﬁcant.
Table 5. ANOVA for the second order polynomial models and
coefﬁcient values for b-glucosidase activity obtained from the
growth culture supernatant.
Source Degrees of freedom F-value P-value
b-glucosidase activity
Linear
A 1 18.30 0.0008**
B 1 6.31 0.0249*
C 1 18.90 0.0007*
D 1 10.28 0.0063*
Interaction
AB 1 6.02 0.0279*
AC 1 10.99 0.0051**
AD 1 6.56 0.0226*
BC 1 0.24 0.6347
BD 1 5.13 0.0399*
CD 1 2.60 0.1290
Quadratic
A2 1 22.03 0.0003**
B2 1 105.32 <0.0001**
C2 1 61.31 <0.0001**
D2 1 71.98 <0.0001**
** Indicates that the effect is signiﬁcant at P < 0.01, *indicates that the
effect is signiﬁcant at P < 0.05. No asterisk indicates that the effect is
not signiﬁcant.
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cultivation of T. harzianum to obtain b-glucosidase, the
activity of the enzyme depends on the nature of the car-
bon source used in the batch culture. This is because the
supplied carbon source forms the major constituent for
building cellular material as well as the source of energy
[33,34].
The response surface and contour plots representing
the interactive effect of temperature and carbon source,
AB, on the activity of b-glucosidase are shown in Figure 2
with the inoculum size and pH held at their central val-
ues of 5% (w/v) and pH 7, respectively. The linear term
for temperature (F = 18.30) had a larger inﬂuence on the
b-glucosidase activity than that for the carbon source
(F = 6.31). The elliptical contour plot seen here corrobo-
rated the signiﬁcance of both interacting variables in
yielding high b-glucosidase activity. The activity of b-glu-
cosidase was observed to increase up to a certain extent
with the increasing of both growth temperature and
percentage of carbon sources. The maximum activity of
1208 U/mL was predicted by the model under condi-
tions of 10% (w/v) carbon source and growth tempera-
ture of 36 oC, whereas further increment beyond these
maximum points was futile and rendered a gradual
decrease in b-glucosidase activity.
These results showed that the optimumgrowth temper-
ature of 36 oC for achieving high b-glucosidase activity is
typical for T. harzianum, consistent with previous ﬁndings
[35,36]. It is known that b-glucosidase activity tends to vary
under different culture temperatures and is strain depen-
dent as well [37]. Likewise, physiological analysis of the
effect of various carbon sources on enzyme activity is also
important. In this study, the results suggested strong corre-
lation between the production of b-glucosidase and the
amount of carbon source, i.e. banana waste, used in the
batch culture media. In this study, banana wastes were
selected as the source of carbon for growth of T. harzianum,
Figure 2. Response surface (a) and contour (b) plots showing the interactive effect of A: temperature and B: carbon source on the activ-
ity of b-glucosidase.
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so as to ensure considerably lower cost to obtain the
enzyme. As a matter of fact, the use of agro-based biomass
such as the low-cost banana wastes as a carbon source in
fungal batch cultures may prove to be an interesting as
well as useful substitute to the more expensive carbon
sources. The results obtained here invariably indicated the
feasibility in using banana waste as the carbon source to
produce b-glucosidase showing high activity in batch cul-
tures of T. harzianum. This could be mainly due to the
banana wastes being rich in nutrients such as cellulose;
hence, sufﬁcient to stimulate growth and enhance b-gluco-
sidase production in the fungal culture. The results from
this study support the report by Reddy and Yang [38], in
which the pseudostem and leaves of banana wastes had
exceptionally high cellulose content and served as excel-
lent substrates for cultivation of T. harzianum.
Effect of temperature and inoculum size
As indicated in [37], the maximum production of b-gluco-
sidase would be supported by a suitable growth
temperature and inoculum size. Hence, the interactive
effects of temperature and inoculum size, AC, on the
activity of b-glucosidase were evaluated, while the per-
centage of carbon sources and pH were maintained at
their central values of 10% (w/v) and pH 7, respectively
(Figure 3). The linear terms for temperature (F = 18.30)
and inoculum size (18.90) were found almost comparable
in yielding high b-glucosidase activity. The activity of
b-glucosidase progressively reached its maximum at
1246 U/mL, when the inoculum size increased to 6% (w/
v) and the temperature, to 50 C, before a decline was
observed. Judging from the nearly perfectly centered
elliptical plots, it was clear that both factors, inoculum
size and temperature, were crucial in ensuring high b-glu-
cosidase activity in the batch cultures of T. harzianum.
The results also agreed with the high F-values obtained
for both factors (Table 4). While it has been indicated that
the use of appropriate fungal inoculum size would yield
extracellular b-glucosidase showing high speciﬁc activity
[39], the present study found that, increasingly, an inocu-
lum size beyond 6% was counterproductive and reduced
Figure 3. Response surface (a) and contour (b) plots showing the interactive effect of A: temperature and C: inoculum size on the activ-
ity of b-glucosidase.
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b-glucosidase activity. A similar trend has also been
reported previously [39–41]. A 6% (w/v) inoculum size to
afford high b-glucosidase activity is substantially small as
compared to that used in a previous work in [42], where
inoculum sizes of Aspergillus niger >6% and 8% (v/v)
were used for cultures growing on peel and pulp of pine-
apple, respectively. Remarkably, a higher inoculum size of
A. niger at 15% (v/v) was used in [43] to yield high b-glu-
cosidase activity in growth media containing coir waste.
Likewise, a high inoculum size has also been linked to
the production of microbial metabolites. Apart from pro-
ducing b-glucosidases, microbes also secrete other types
of metabolites that may interfere with the activity of the
enzyme. As a matter of fact, the decline in b-glucosidase
activity seen here at inoculum levels beyond 6% could
likely be due to presence of higher amounts of inhibitory
metabolites. Additionally, a high inoculum size would
also lead to other problems, such as introduction of an
unwanted large number of spores into the culture
medium, which would promote rapid fungal prolifera-
tion and exhaustion of the available nutrients [44]. The
nutrients in the growth culture would be depleted
sooner, steadily decreasing the metabolic activity of the
T. harzianum biomass and, consequently, resulting in
lower b-glucosidase production and enzyme activity.
Moreover, the moisture level of the culture system is
increased, creating conditions that promote overcrowd-
ing of fungal spores [42]. Ideally, a balance between the
proliferating biomass and the nutrients available for it
would allow maximum fungal growth as well as main-
taining enzyme synthesis. In contrast, the results also
revealed that a low inoculum size <6% was unsuitable
probably due to a shortened lag phase. Crucially, an ade-
quately long lag phase is required for the fungal culture
to prepare the internal machinery to produce the
enzyme and attain high activity [42].
Effect of temperature and pH
The pH of the medium is one of the key factors that
would affect a fermentation process, inﬂuencing the
microbial growth and enzyme activity [45]. Considering
that growth parameters involving temperature and pH
could considerably affect the activity of b-glucosidase
[46], their interactive effects were examined and the fac-
tors inoculum size and carbon sources were kept con-
stant at 5% and 10% (w/v), respectively. Figure 4
illustrates the response surface and contour plots for the
effects of these two factors, AD. While the linear term for
temperature (F = 18.30) was more signiﬁcant than that
of pH (F = 10.28) in inﬂuencing the b-glucosidase activ-
ity, inspection of the generated surface and contour
plots showed that, at moderate levels of both
temperature and pH, the activity of b-glucosidase was
enhanced appreciably. The enzyme activity was signiﬁ-
cantly increased with conditions of elevated reaction
temperature and pH, up to 36 C and pH 7.2, respec-
tively, with a maximum response of 1210.84 U/mL. Cor-
respondingly, the negative interactive term (¡161.43AD)
(Table 2) also justiﬁed the outcome seen in this study. A
simultaneous increase in both temperature and pH
beyond their optimum limits would not bring about
improvement in b-glucosidase activity in the fungal
cultures.
The particularly low b-glucosidase activity at low pH
levels was likely brought about by the extreme low pH
values that dramatically shifted the pH transition region
for the unfolding of the b-glucosidase system [37]. Since
conditions of elevated pH and temperature have been
thought to improve b-glucosidase activity [47], the rela-
tively moderate optimum growth temperature and pH
that produced high b-glucosidase activity in the broth
cultures of T. harzianum seen in this study were unlike
those previously reported. Zimbardi et al. [48] observed
that maximum activities of b-glucosidases produced by
T. viride and T. reesei occurred at higher optimum tem-
peratures of 65–70 C but at a considerably lower opti-
mum pH, ranging from pH 4.5–5.5. This is because such
fungal strains generally prefer acidic environments for
their growth on cellulosic substrates, well-known exam-
ples of such strains being T. reesei [19,49] and Aspergillus
heteromorphus [50]. The studies reported that the activi-
ties of b-glucosidase produced by both these fungi
peaked when the pH of the broth cultures was main-
tained at pH 5. In fact, the preferred neutral optimal pH
in the broth cultures of T. harzianum is similar to that
reported for an A. niger isolate [51].
Effect of carbon sources and pH
It is acknowledged that the presence of simple and read-
ily metabolizable carbon sources induces catabolic
repression [32]. In view of the situation, the interactive
effect of various carbon sources and pH that affect the
activity of b-glucosidase was evaluated and the results
are illustrated in Figure 5. In this evaluation, the inocu-
lum size and temperature were kept constant at their
central values of 5% (w/v) and 35 oC, respectively. The
model indicated that their mutual interaction, BD, had a
signiﬁcant effect (P = 0.0399) on b-glucosidase activity
(Table 5). However, with respect to the linear coefﬁcients
for pH and carbon sources, the impact of pH of the broth
culture was more signiﬁcant as compared to that of the
carbon source. Hence, the pH value (F = 10.28) of the
broth culture showed a larger F-value than the carbon
sources (F = 6.31) (Table 5).
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Since analysis of the surface response revealed that
the stationary point for b-glucosidase activity was a sad-
dle, the critical levels of the design factors were deter-
mined by ridge analysis to produce the maximum
response. The critical values that represented the maxi-
mum b-glucosidase activity as high as 1483.27 U/mL
were observed when the amount of carbon source and
pH were increased up to a certain extent, at approxi-
mately 10% (w/v) and pH 7.3, respectively (Figure 5). The
outcome seen here is reﬂected in its positive value
(+142.75BD) (Table 2) and corroborated an earlier study
by Al-Jazairi et al. [52], in which the activity of b-glucosi-
dase produced by Brettanomyces lambics was the high-
est when the fungus was cultured at both high pH and
high content of carbon source.
The use of cheaper sources of carbon in cultivation
media is one of the key considerations to lowering the
cost of media design. This is principally due to the cost
of media constituting approximately 30¡40% of produc-
tion costs [53]. Hence, the present study resorted to
using discarded agro-based biomass, i.e. banana wastes,
as a carbon source to potentially circumvent this prob-
lem. The use of discarded agro-based biomass may
prove more practical to produce b-glucosidase in this
study. The role of banana wastes in the batch culture of
T. harzianum was to induce and promote production of
b-glucosidase, in response to complex carbohydrate
constituents in the banana wastes. Furthermore, some
species of the heterotrophic T. harzianum have been
reported to express various isoforms of b-glucosidase by
varying the carbon sources [54,55]. The existence of mul-
tiple isoforms of the enzyme has been attributed to dif-
ferences in the expression of multiple b-glucosidase
enzyme proteins [55]. Zhang et al. [9] have also reported
Figure 4. Response surface (a) and contour (b) plots showing the interactive effect of A: temperature and D: pH on the activity of
b-glucosidase.
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that the type and level of b-glucosidase expression is
dependent on some properties of the substrate used in
the growth media. Pertinently, we believe that such an
approach may prove favourable during cultivation of T.
harzianum as most likely, it would improve the ability of
the enzyme to inhibit M. phaseolina growth in the plate
inhibition assay. Based on the results, it can be construed
that T. harzianum was capable in utilizing the complex
carbohydrates in banana wastes for growth and produc-
tion of b-glucosidase.
Veriﬁcation of the effect of T12 b-glucosidase on the
growth of M. phaseolina M2 by plate inhibition
assay
To check the suitability of the generated model, sets of
conﬁrmation experiments were carried out within and
outside the design space. The optimization function of
Design Expert 7.1.2. was employed; three predicted opti-
mum culture growth conditions derived from ridge anal-
ysis of RSM that would give the maximum responses
were selected. In this evaluation, plate inhibition assays
were used for verifying the efﬁcacy of the b-glucosidase
from the T. harzianum T12 supernatant to inhibit the
growth of the most virulent strain M. phaseolina M2
(Figure 6). The b-glucosidase activities and their corre-
sponding diameters of the halo zone were determined
and the results from the veriﬁcation experiments are rep-
resented in Table 6. Maximum activity at 1181.01 U/mL
that gave the largest halo zone was observed for R1, fol-
lowed by R2 and R3, corresponding to diameters of inhi-
bition zones of 58.00 § 2.51 mm, 49.33 § 0.66 mm and
38.66 § 1.85 mm, respectively. The largest halo zone
seen in R1 also showed that these culture conditions, viz.
10% (w/v) carbon source, 5% (w/v) inoculum size, pH
7.00 and 35 8C, gave the highest b-glucosidase activity
Figure 5. Response surface (a) and contour (b) plots showing the interactive effect of B: carbon sources and D: pH on the activity of
b-glucosidase.
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(Table 6). Pertinently, the values of the actual and pre-
dicted enzyme activity were seen to be relatively close;
thus verifying the eligibility of the predicted model. This
was consistent with the signiﬁcantly low deviation per-
centages that were well below the maximum 5% error,
ranging from 0.09¡0.44% calculated for the actual
responses and predicted values obained in R1, R2 and
R3. These values strongly implied the accuracy and reli-
ability of the model to predict the optimal growth condi-
tions of T. harzianum T12, yielding high b-glucosidase
activity and, consequently, more effective inhibition of
M. phaseolina. Interestingly, similar inhibition has been
reported in in vitro tests using pure T. harzianum isolates
as well as chemical fungicides [56]. The exception is that
the method proposed here would be more practical as it
does not involve utilization and release of harmful chem-
icals into the environment. Since the enzyme activity is
optimum at 35 8C, such a preparation would be highly
active in hot areas in the warm season, conditions when
M. phaseolina infections are particularly prevalent. Direct
usage of b-glucosidase from culture supernatant for
long-term sustainable protection of commercial crops
against charcoal rot, however, may be met with skepti-
cism. Nevertheless, the simplicity of the preparations as
well as the observed in vitro efﬁcacy to inhibit the
growth of M. phaseolina in this study strongly imply it
could be feasible as a complement to the current agro-
nomical pest management techniques. Since the ﬁnd-
ings seen here are preliminary and are only based on in
vitro evaluation, subsequent studies constituting green-
house and open-ﬁeld studies would be necessary to fur-
ther conﬁrm the efﬁcacy of this proposed method.
Conclusions
In this study, a high correlation was obtained for the BBD
model, indicating that a quadratic polynomial model
could be employed to optimize the batch cultivation of
T. harzianum Rifai for maximizing b-glucosidase activity.
The RSM model generated in this study satisﬁed all the
Figure 6. Plate inhibition assay showing the growth of M. phaseolina (denoted by dark areas) inhibited by the b-glucosidase (halo
zone) extracted from T. harzianum.






(%, w/v) pH Actual activity (U/mL) Predicted activity (U/mL) Deviation (%)
Average diameter of
halo zone (mm)
R1 35.00 10.00 5.00 7.00 1181.01 1182.62 0.09 58.00 § 2.51
R2 38.64 9.78 7.30 7.42 1139.69 1144.76 0.44 49.33 § 0.66
R3 33.74 12.16 5.15 7.58 1118.94 1121.73 0.24 38.66 § 1.85
BIOTECHNOLOGY & BIOTECHNOLOGICAL EQUIPMENT 931
necessary arguments for its use in the optimization. The
ﬁndings revealed that the optimum conditions for the
highest b-glucosidase activity (1483.27 U/mL) were at
35 8C, 10% (w/v) carbon source, 5% (w/v) inoculum size
and pH 7.30. It is important to highlight here, that
improving the b-glucosidase activity obtained from the
supernatant of T. harzianum T12 would aid in its applica-
tion for subsequent greenhouse and ﬁeld studies. In a
nutshell, the study intended to highlight the feasibility
and potential applicability of direct treatment with b-glu-
cosidase as an alternative to using chemical fungicides
to manage the fungal phytopathogen M. phaseolina.
Therefore, further studies should also focus on elucidat-
ing the mechanism of in situ contact inhibition of M. pha-
seolina by this enzyme.
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